The topography of the default mode network (DMN) can be obtained with one of two different functional magnetic resonance imaging (fMRi) methods: either from the spontaneous but organized synchrony of the low-frequency fluctuations in resting-state fMRI (rs-fMRI), known as "functional connectivity", or from the consistent and robust deactivations in task-based fMRI (tb-fMRI), here referred to as the "negative BOLD response" (NBR). These two methods are fundamentally different, but their results are often used interchangeably to describe the brain's resting-state, baseline, or intrinsic activity. While the DMN was initially defined by consistent task-based decreases in blood flow in a set of specific brain regions using PET imaging, recently nearly all studies on the DMN employ functional connectivity in rs-fMRI. In this study, we first show the high level of spatial overlap between NBR and functional connectivity of the DMN extracted from the same tb-fMRI scan; then, we demonstrate that the NBR in putative DMN regions can be significantly altered without causing any change in their overlapping functional connectivity. Furthermore, we present evidence that in the DMN, the NBR is more closely related to task performance than the functional connectivity. We conclude that the NBR and functional connectivity of the DMN reflect two separate but overlapping neurophysiological processes, and thus should be differentiated in studies investigating brain-behavior relationships in both healthy and diseased populations. Our findings further raise the possibility that the macro-scale networks of the human brain might internally exhibit a hierarchical functional architecture.
external stimuli) of a population of neurons and/or glial cells that is spatially localized in a macro-scale brain region and gives rise to a change in the fMRI signal will be referred to as the neurophysiological process.
Best practices for measuring and interpreting the fMRI signal have evolved over time and remain a topic of debate. For instance, the task-based fMRI (tb-fMRI) experiments were initially proposed to study task-responsive neurophysiological processes during presentation of various cognitive tasks or stimuli 13 . This paradigm was accompanied by the introduction of the blood oxygenation level dependent (BOLD) signal, although it is important to appreciate that the extracted BOLD signal only accounts for a small portion of the total fMRI signal variance 14 . More recently, ongoing or spontaneous neural activity has been hypothesized to induce inter-regional, coherent, and low-frequency fluctuations in the fMRI signal. These coherent fluctuations are believed to reflect functionally connected neurophysiological processes taking place within separate and distal macro-scale brain regions [15] [16] [17] . Therefore, it follows that the fMRI signal from a macro-scale brain region could simultaneously reflect both task-evoked and spontaneous neurophysiological processes. In fact, it has been reported that in any activated region, the fMRI signal is a combination of task-evoked and spontaneous neural activity 18 ; however, other studies investigating the relationship between task-evoked and spontaneous activity in the brain suggest a more complex [19] [20] [21] [22] , non-linear 23, 24 , and even causal relationship [25] [26] [27] between the two types of activity.
In this paper, our focus is on the DMN. The neurophysiological processes localized to DMN regions have been shown to be strongly task-responsive 28 as well as functionally connected 16, 29 . These two distinct characteristics of the DMN are often overlooked and considered to be a result of using two different techniques for investigating the same neurophysiological process 30, 31 . One method, consistent with its initial identification 1, 2 , defines the DMN based on task-driven deactivation, here referred to as task-evoked negative BOLD response (NBR). Another method defines the DMN based on correlated low-frequency fluctuations in the fMRI signal even in the absence of cognitive tasks or stimuli. This approach, known as resting-state functional connectivity MRI, has become the method of choice for many studies of whole-brain networks, owing in part to its convenience and minimal task demands. The use of two very different approaches has contributed to conflicting results and interpretations regarding the role of the DMN in normal and diseased brain function [32] [33] [34] [35] . Furthermore, intrinsically oriented but externally presented tasks such as tasks of introspection, autobiographical memory retrieval, future planning, and self-referential processing are shown to activate the DMN regions [36] [37] [38] . It is therefore crucial to elucidate the differences between these two types of fMRI measurements, and to establish the relationship between task-based networks of co-activated or co-deactivated regions and task-independent functional connectivity networks in the same regions.
In a series of seminal meta-analyses, Smith et al. and others [39] [40] [41] [42] showed a high degree of spatial overlap between task-based co-activation networks and resting-state functional connectivity networks, concluding that regions in task-based co-activation networks continue to work together even after termination of the task 43 . This conclusion assumes that both task-based networks and functional connectivity networks reflect the spatial organization of a common neurophysiological process, and that task performance may only alter the temporal characteristics of the process. However, a recent study of ours demonstrated that performing a task does not alter the time-course or spatial pattern of functional connectivity in DMN regions 44 . These findings provided preliminary evidence for the existence of two distinct but spatially overlapping neurophysiological processes in the DMN regions, both of which are operational during task performance but may have very different functional roles. Therefore, we hypothesize that -at least in the DMN-the neurophysiological processes underlying functional connectivity and the NBR are distinct, and thus can be dissociated, and that the NBR reflects neurophysiological processes that are more closely involved in task performance than the functional connectivity. Our hypothesis, if it is true, would support the possibility of a hierarchical functional architecture in the macro-scale networks of the brain, in which spontaneous activity provides the scaffolding or infrastructure for neural processes that are involved in actual task execution.
To test whether and how the functional connectivity of the DMN and its task-based NBR can be dissociated, we used attention as a modulating factor to alter NBR in the DMN regions. This manipulation had no significant effect on the underlying functional connectivity of the same regions from which the NBR was extracted. Using two sensory-motor tb-fMRI scans and one rs-fMRI scan, we first show that there is a significant degree of spatial overlap of the functional connectivity networks extracted from the three scans, as well as the spatial extent of the NBR extracted from the two tb-fMRI scans. We found that switching attention from one sensory modality to another modulated the NBR in DMN regions while their functional connectivity remained unchanged, suggesting a disassociation between the two simultaneous fMRI measurements from the same regions. To asses which signal is more closely related to the actual task execution, we examined the subject-wise task performance as a function of the strength of functional connectivity as well as the magnitude of the NBR. We found that the magnitude of the NBR in the DMN regions was correlated with task performance, whereas the strength of functional connectivity in the same regions did not correlate with task performance. This suggests that the NBR is a closer proxy for neurophysiological processes involved in execution of the task compared to the functional connectivity obtained simultaneously from the same regions. We also replicate the findings using the Human Connectome Project dataset 45 , an open access, online tb/rs-fMRI dataset, acquired during a working memory task. Our findings provide evidence for the existence of two spatially overlapping but dissociable neurophysiological processes in the DMN that are simultaneously active and manifest as two different fMRI measurements.
Methods
We examined NBR and functional connectivity using two separate datasets with completely different pools of participants, scanners, and pulse sequences, which were collected in two different research centers. Our primary sample (Dataset I) and its associated task were specifically designed for this study, whereas the replication sample (Dataset II) was chosen from a publicly available, online database. m/f = 10/20) recruited from the Columbia University Medical Center. All participants were compensated and signed an informed consent form prior to participation in the study. All research procedures were performed in accordance with relevant guidelines and regulations as approved by the Columbia University Institutional Review Board.
Dataset II included 100 young, healthy participants (age range = 22-35 years, m/f = 52/48) referred to as "Unrelated-100" in the Human Connectome Project 45 . Written informed consent was obtained from each participant in accordance with relevant guidelines and regulations approved by the local Institutional Review Board at Washington University in St. Louis. This dataset is available online, and the details of recruitment and demographics can be found elsewhere 46,47 . fMRi experimental design. For Dataset I, we used an event-related fMRI paradigm with a visual-audio attention switching task. Subjects were presented with a sequence of visual and audio stimuli (flashing checkerboard and alternating tone) with random onsets and durations. The event duration was sampled from a uniform distribution (range: 0.4/0.6 ~ 4.0/4.0 s for visual/audio) and the onsets of the stimuli were jittered by applying a uniformly distributed inter-stimulus interval (range: 2.5 ~ 9.0 s). Two runs were collected for each participant; in one run, participants were asked to attend only to the visual stimuli and press a button with their right index finger at the end of each visual stimulus, ignoring the audio stimuli. In another run, participants were asked to attend only to the audio stimuli and press a button with their right index finger at the end of each audio stimulus, ignoring the visual stimuli. Figure 1 shows the design and timing of the fMRI paradigm that we used for this set of participants. Each fMRI run included at least 55 visual (blue) and 55 audio (red) stimuli which were allowed to overlap. The green bars illustrate the times when responses were made. The order of acquisition of the two runs (visual-attended and audio-attended) was randomized to prevent any systematic bias toward either stimulus modality. For half of the participants, a rs-fMRI scan with the same duration was collected as well.
For Dataset II, we used the N-back task, a working memory task in which participants were presented with a random sequence of pictures of four different types of items (faces, tools, places, and body parts) and instructed to answer whether or not the currently presented item was the same as the one presented N items earlier. This task was chosen from among the available tasks in the Connectome tb-fMRI dataset because it has the longest scan time, and can be modeled as an event-related fMRI experiment to capture the full dynamics of the positive/ negative BOLD response. Details of this task can be found elsewhere 48,49 . MRi acquisition parameters. All three fMRI scans in Dataset I were acquired using a 3.0 Tesla Achieva Philips scanner with a T 2 *-weighted echo-planar imaging (EPI) sequence [TR/TE = 1000/20 ms; flip-angle = 72°; FOV = 240 × 240 mm; matrix-size = 80 × 80; voxel-size = 3.0 × 3.0 × 5.5 mm; 18 axial slices]. The duration of both tb-fMRI scans was 6 minutes (360 volumes), and the same total duration and parameters were used for the rs-fMRI scan to match for statistical power. An accompanying T 1 -weighted magnetization-prepared rapid gradient-echo (MPRAGE) structural image was collected [TR/TE = 6.5/3 ms; flip-angle = 8°; FOV = 25.6 × 25.6 cm; matrix-size = 256 × 256; voxel-size = 1.0 × 1.0 × 1.0 mm; 165 axial slices] for localization and spatial normalization of the functional data in each participant.
The two fMRI scans in Dataset II (2-back memory task and resting-state) were acquired on a customized The blue line denotes the random timing for duration and onset of the visual stimuli, and the red line shows the same for audio stimuli in a typical participant. The green bars represent the time of the response to either the visual or audio stimulus. There were at least 55 visual and 55 audio stimuli in each run, with mean duration of 1.2 sec and a range of 0.5 to 3.5 seconds. In one run, participants were instructed to attend to visual stimuli (top row) and press a button as soon as each visual stimulus was terminated, while ignoring audio stimuli. In another run, they were instructed to attend to audio stimuli (bottom row) and press a button as soon as each audio stimulus was terminated, while ignoring visual stimuli.
The acquisition parameters were identical for both the tb-fMRI and the rs-fMRI scans in order to provide maximal compatibility between task and resting-state data. The duration of each rs-fMRI scan was about 15 minutes (1200 volumes), whereas tb-fMRI was about 5 minutes (405 volumes). The first run of the rs-fMRI scan (out of four rs-fMRI run) was truncated to its first 405 volumes to match the duration of the tb-fMRI scan. Only the left-to-right phase encoding scan was used for both tb-fMRI and rs-fMRI data; however, since the minimally preprocessed volumetric data was used, the right-to-left phase encoding scans were used to perform gradient unwarping and distortion correction. Structural images were acquired using the 3D MPRAGE T 1 -weighted sequence [TR/TE = 2400/2.14 ms; flip-angle = 8°; FOV = 224 × 224 mm; matrix-size = 320 × 320; voxel-size = 0.7 × 0.7 × 0.7 mm; 256 sagittal slices].
Analysis of fMRi data. All fMRI data from Dataset I were analyzed using the FSL (V5.0.7) software package.
As in our recently published study 44 , realignment of the fMRI scans was performed by rigid-body registration of all the volumes to the middle one. Then, slice timing correction was performed by shifting each slice's time-series to the instant when the middle slice was acquired. High-pass filtering was done with a non-linear Gaussian kernel with cutoff frequency of 0.01 Hz. Spatial smoothing was then performed with FWHM = 5 mm. Spatial normalization was performed by rigid-body registration of the first fMRI volume to its T 1 -weighted structural image, and then by non-linear registration of the structural image to the MNI template. Finally, intensity normalization was performed by global scaling of the data to have a median of 10 4 and then to have a normalized intensity range between their 20 th and 80 th percentiles. First-level general linear model (GLM) analysis was performed by modeling the fMRI data with two regressors of interest, which were obtained by convolving the canonical HRF with the timing (zero-one boxcar function) of the visual and audio stimulations. The results were fed into a second-level analysis to generate group-level maps of the activations and deactivations using the mixed-effects modeling technique implemented in FSL. To compute the subject-wise magnitude of the NBR in DMN regions, we averaged the significant point estimates (β) of the first-level analysis in each subject that were located within established DMN regions (posterior cingulate, precuneus, medial prefrontal cortex, middle temporal gyrus and hippocampus). These regional masks were obtained from the Desikan-Killiany atlas 50 in MNI space, and were only used to separate the NBR in the DMN from the other types of NBR often observed in the vicinity of the positive BOLD response (PBR) and also in ventricular space. The same mask was used throughout this paper to locate significant voxels within the DMN for computing the magnitude/expression of the networks.
We used independent component analysis (ICA) to extract the spatial extent and time-course of functional connectivity networks. As performed in our recent study 44 , the same preprocessed data that were fed into the first-level GLM analysis were also fed into a multivariate exploratory linear optimized decomposition into independent components (MELODIC) analysis with temporal concatenation of multiple subjects 51 . The number of ICs was estimated automatically using the Laplace approximation to the Bayesian evidence of the model order 51, 52 . Resting-state data were preprocessed in exactly the same way as the tb-fMRI data to prevent any biases toward a given processing stream. In particular, we did not apply low-pass filtering of the rs-fMRI data in order to be consistent with the tb-fMRI pipeline. The DMN IC was selected based on observing significant connectivity among all three main nodes of the network; 1) posterior cingulate, 2) medial frontal gyrus, and 3) bilateral angular gyrus. We used dual regression implemented in FSL to obtain subject-wise expression (coherence and magnitude) of the extracted DMN IC, and statistical inference was applied on the subject-wise expression of the network to assess any significant change in the coherence and/or magnitude of the functional connectivity fluctuations 53 . Subject-wise expression of the functional connectivity in DMN regions was obtained by averaging the significant point estimates (β) given by the dual regression technique that fell within the aforementioned DMN regional masks. To assess any significant change in pair-wise inter-regional coherence, seed-based correlation coefficient analysis was used among the three main nodes of the DMN (posterior cingulate, medial-orbito-frontal, and right/left angular gyri). At each region the seed coordinates were obtained by computing the centroid of the three voxels with maximum correlation with the time-course of the DMN IC in the three scans. The preprocessed fMRI signals from all voxels within a 10 mm radius of each seed were averaged to obtain that region's time-course. Subject-wise inter-regional coherence was measured by computing Pearson's correlation coefficient between the time-course of the regions, and Student t-tests were used to assess any significant difference in the correlations obtained from different scans.
Both tb-fMRI and rs-fMRI scans in Dataset II were already preprocessed and publicly available. We used the minimally preprocessed volumetric fMRI data, which went through multiple processing steps, including gradient unwarping, motion correction, fieldmap-based EPI distortion correction, brain boundary-based registration to structural scan, non-linear registration to MNI, and grand mean intensity normalization. The details of this pipeline can be found in 54 . We only added the same smoothing and intensity normalization as we used for preprocessing of Dataset I. The preprocessed fMRI data were fed into the first-level GLM analysis with two regressors (0-back and 2-back). We used an event-related statistical analysis to find the BOLD response associated with the interval from the presentation of the stimulus until a response has been made. We combined all four types of stimuli (faces, tools, places, and body parts) into one regressor for each N-back. The parametric maps obtained from the first-level were fed into a second-level analysis to obtain the group-level map of activations and deactivations using mixed-effects in FSL. The ICA analyses on both tb-fMRI and rs-fMRI scans were performed exactly the same way as in Dataset I, as well as the computation of the magnitude of the NBR and the strength of functional connectivity in the DMN. Figure 1 illustrates the design and timing of the stimuli in our fMRI experiment for the attention switching task in one randomly selected participant. As seen from the time of the button press responses (green), the participant responded to the visual stimuli in the visual-attended run (top row) and to the audio stimuli in the audio-attended run (bottom row). Participants responded correctly on 99.1%/99.2% of the visual/audio stimulus presentations, where a correct response is defined as a button press within 3 seconds of stimulus termination. www.nature.com/scientificreports www.nature.com/scientificreports/ Spatial overlap between functional connectivity of the DMn and its nBR. Before testing whether functional connectivity strength can be dissociated from the NBR, we needed to assess the degree to which these signals arise from the same anatomical regions. First, we compared functional connectivity maps extracted from the two tb-fMRI scans with those extracted from the rs-fMRI scan, to ensure that the spatial pattern of DMN functional connectivity is similar during task performance and at rest. We ran separate group ICA (temporal concatenation) for each of the tb-fMRI runs, which resulted in 67/62 ICs where the DMN was the first component, accounting for 2.5%/3.6% of the variance for visual/audio-attended scan. We also ran group-level ICA for the available resting-state fMRI (15 participants) in which the DMN was detected as the sixth component out of 74 ICs, accounting for 1.7% of the total variance. Figure 2 shows the spatial pattern of these three DMN functional connectivity networks (|z| > 4 after cluster-wise multiple comparisons correction) overlaid on top of one another (in red) over a semi-inflated cortical surface ( Fig. S1 shows the same on 36 axial slices, and Fig. S2 shows each spatial pattern individually). The pairwise spatial similarities of these functional connectivity networks are provided in Table 1 using the Dice similarity coefficient (DSC), indicating a significantly high spatial similarity between the extracted tb-fMRI and rs-fMRI networks (DSC = 0.61 and 0.50 for visual and auditory, respectively). Note that spatial similarity as low as DSC = 0.2 is extremely significant 40 with p < 10 −5 , thus all the ICs with spatial similarity more than 0.2 have been illustrated in the supplementary Figs S4, S5 and S6 for the three scans. As seen in these figures, while there are some spatial similarities in parts of the posterior cingulate and angular gyrus, none of them show any connectivity in the medial frontal and bilateral middle temporal regions. In addition, they included regions that are not considered to be part of the DMN in the literature, thus we did not consider them in this study. Nonetheless, the high spatial similarities between the selected DMN ICs (Fig. 2) shows that the regions of the DMN are functionally connected irrespective of whether the participants are engaged in a task or are at rest, and they have a very similar spatial pattern of activity.
Results
Second, we compared the NBR in DMN regions (extracted separately from two tb-fMRI scans) with the spatial pattern of functional connectivity extracted not only from the same tb-fMRI scans, but also from the separate www.nature.com/scientificreports www.nature.com/scientificreports/ rs-fMRI scan. Figure 2 shows the results of a second-level GLM analysis for attended visual and audio stimuli (|z| > 4 after cluster-wise multiple comparisons correction) in the DMN regions (dark blue and light blue). The overlap of these five networks -NBR in visual and audio tasks, and functional connectivity in the same tasks and at rest-has been color-coded from orange to yellow in Fig. 2 to illustrate the amount of spatial similarity among them. The pairwise spatial similarity between NBR and functional connectivity networks was highly significant (DSC = 0.37-0.57, p < 10 −8 for each pairwise comparison; see Table 1 ), indicating a high degree of anatomical overlap of the neurophysiological processes that gives rise to these two signals in the DMN. However, there are also notable yet interesting differences in the spatial similarity of the NBR and functional connectivity. In particular, the NBRs extent towards the posteromedial cortex and more posteriorly in the frontal cortex. Conversely, the functional connectivity pattern extends from the posterior cingulate cortex towards the retrosplenial cortex. This is an interesting observation since the retrosplenial cortex is traditionally linked to introspection 55 , while the posteromedial cortex has at least one subpart related to externally-oriented cognitive tasks 56 , hinting at their distinct functionalities within the DMN regions.
Attention modulates the NBR, but not functional connectivity, in the DMN. If the NBR and functional connectivity in the DMN reflect a common underlying neurophysiological process, then both signals should be similarly modulated by a demanding task manipulation. Conversely, a task-based modulation of NBR in the absence of a change in functionally connectivity strength would suggest distinct processes. To test this, we designed an experiment where we were able to significantly modulate the NBR in the DMN by shifting attention from one sensory modality to another and showed that such a shift in attention did not have any significant effect on the ongoing functional connectivity. In other words, we used the attention specificity of the NBR in the DMN to demonstrate the disassociation between NBR and functional connectivity in the DMN regions. Figure 3 shows the group-level activation map using z statistics (|z| > 4 after cluster-wise multiple comparisons correction) for visual (3a and 3c) and audio (3b and 3d) stimuli when the subjects were attending (3a and 3d) and when they were not attending (3b and 3c) to the stimuli. These activation maps are overlaid on a semi-inflated surface of the cerebral cortex and on 36 axial slices of the brain (Figs S3a to S3d in the same order). As expected, visual stimuli generated a PBR (illustrated by hot colors) in the primary visual cortex, while audio stimuli induced a PBR in the primary auditory cortex. Figure 3 also shows that when a stimulus, whether visual or audio, was the focus of attention, it generated a significant NBR (illustrated by cold colors) in the DMN regions ( Fig. 3a,d) , whereas when the same stimulus was ignored, it produced only scattered NBR mostly outside the DMN regions (Fig. 3b,c) . The solid light-blue color mask overlaid on Fig. 3a ,d (as well as on S3a and S3d) illustrates the regions where the magnitude of the NBR for the attended stimulus was significantly higher (more negative) than for the unattended stimulus (z > 2.3, after cluster-wise multiple comparisons correction). Almost all regions with NBR showed a significantly higher deactivation for attended stimuli versus unattended stimuli. While this is clearly the case for visual stimulation, it covers only a subset of the regions with deactivations during audio stimulation. This observation may be due to loud scanner noise, which can interfere with stimulation of the auditory cortex. Together, the findings suggest that attention significantly modulates the NBR in the DMN.
Next, we assessed whether switching attention from one sensory modality to another alters the expression (coherence and magnitude) of functional connectivity in the same regions where the change in NBR was detected. We did this by comparing the strength of the DMN functional connectivity during each of the tb-fMRI scan with that during the rs-fMRI scan. Figure 4 shows the distribution of the subject-wise functional connectivity expression (given by applying a dual regression approach on ICA; see Methods) extracted from both tb-fMRI runs and the rs-fMRI scan. Unlike the NBR in the DMN, switching attention had no significant effect on the expression of the functional connectivity within the DMN (visual-attended vs. rest, t = 0.2, p > 0.8; audio-attended vs. rest, t = 0.3, p > 0.7; visual-attended vs. audio-attended, t = 0.5, p > 0.4). Together, the results presented in Figs 3 and 4 provide evidence for a disassociation between the ongoing functional connectivity and NBR in the DMN, despite being extracted from largely overlapping anatomical regions, suggesting that they reflect two distinct, but overlapping, neurophysiological processes.
Seed-based correlation coefficient analysis. While the expression of the entire DMN functional connectivity did not show any significant alteration due to switching attention from one sensory stimulus to the next, it is still possible that an increase in one or more inter-regional coherences within the DMN could be balanced out by a concomitant reduction in other inter-regional coherences. To address this concern and also to replicate the above findings using ICA, we used a simple seed-based correlational analysis to assess any significant Table 1 . Quantification of the pairwise spatial overlap of the regions with significant NBR and functional connectivity in the DMN using Dice similarity coefficient. These regions are depicted in Fig. 2. www.nature.com/scientificreports www.nature.com/scientificreports/ alteration in the inter-regional coherence within the DMN. The obtained coordinates of the centroid seed in MNI space were (−1, −53, 24.7) for the posterior cingulate, (−0.3, 60, −3.3) for the medial-orbito-frontal, and (−46.7, −67.3, 31.3)/(51.7, −66.3, 28) for the right/left angular gyri. Table 2 reports the inter-regional coherence of the DMN using subject-wise mean and standard deviation of the computed Pearson correlation coefficient for visual-(top) and audio-attending (middle) scans as well as the correlation between the time-course of each region with the time-course of the attended and ignored tasks. The bottom part of Table 2 reports the differences between the two mean correlations listed for visual-and audio-attended scans along with their significance level using t-statistics. While no significant difference was detected in the inter-regional coherences of the visualand audio-attended scans (t < 0.35, P > 0.73), the correlation of the regional time-courses with the visual task was significantly altered for all regions depending on whether the task was being attended or ignored (t < −2.2, P < 0.03). In other words, while the correlation of the fMRI signal from any DMN region (e.g. posterior cingulate) with the time-course of the visual task was significantly different between the two scans, it was statistically equivalent with the other regional time-courses of the DMN. While this effect was robust and significant for visual stimuli in all DMN regions, it was only marginally significant in one region (left angular gyrus: t = 1.94, P = 0.057) for audio stimuli. Furthermore, Tables 3 and 4 list the coherence among the DMN regions in restingstate scans along with the visual attended and audio-attended scans. They also report that there is no significant difference in the inter-regional coherence of the DMN whether the participants were attending to visual/audio stimuli, or were at rest. Together, these findings not only replicate our ICA-based results, but also confirm that none of the inter-regional coherence in the DMN significantly changes with manipulation of attention (attended stimuli, unattended stimuli, or rest). www.nature.com/scientificreports www.nature.com/scientificreports/ Unlike functional connectivity, NBR in the DMN correlates with task performance. The dissociation between functional connectivity and the NBR within DMN regions raises further questions: what is the purpose of having two overlapping neurophysiological processes and is there any difference in their roles for executing a task? To examine this, we assessed the relationship between the task performance (response time) of each subject with the magnitude of its NBR, as well as the strength of its functional connectivity obtained during the two tb-fMRI scans. Figure 5 illustrates the magnitude of the NBR in the DMN regions as a function of the subjects' median response time for visual-attended (5a) and audio-attended (5b) tb-fMRI scans. It also depicts the functional connectivity in the DMN as a function of the median response time during the same tb-fMRI scans (5c , and attended audio (in red) tb-fMRI scans as well as from the rs-fMRI scan (in green) are illustrated with different violin plots. Pair-wise student t-test reveals no significant difference between any pairs of the three distributions (visual versus rest: t = 0.2, p > 0.8; audio versus rest: t = 0.3, p > 0.7; visual versus audio: t = 0.7, p > 0.4), highlighting that functional connectivity strength remains intact during tasks and rest. Table 2 . The DMN inter-regional coherence measured by correlation coefficient extracted from visualattending (top) and audio-attending (middle) scans along with their differences (bottom). In addition, correlations between the DMN's regional time-course and the visual and audio task time-courses are also listed along with their differences. www.nature.com/scientificreports www.nature.com/scientificreports/ and 5d). Figure 5a ,b indicates that for every 10%/7% increase in the magnitude of the NBR (greater deactivation), subjects responded 100 ms faster to the visual/audio stimulus (β = 0.24, p < 0.02 / β = 0.17, p < 0.02). In contrast, we did not find any relationship between task performance and the strength of functional connectivity in the DMN (Fig. 5c,d ) extracted from the same two tb-fMRI scans (visual-attended: β = 0.018, p > 0.2; audio-attended: β = 0.017, p > 0.1). These results suggest that the neurophysiological processes represented by the NBR in the DMN might be more relevant for task execution, whereas the processes represented by ongoing functional connectivity might have more basic or auxiliary roles in the functional organization of the brain.
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Replication study using Human connectome dataset. We replicated our findings in a different set of participants, experimental tasks, pulse sequences, and scanners. Using the publicly available Human Connectome Project dataset, often referred to as: "unrelated-100" 45 and already preprocessed fMRI scans 54 , we first obtained the spatial extent and magnitude of the NBR using standard GLM analysis but with the same parameters used for processing Dataset I. We then computed group ICA on the tb-fMRI data collected during an N-back working memory task. This analysis resulted in 47 ICs, the 20th of which corresponded to activity in the DMN and accounted for 2.28% of explained variance. Running group ICA on the truncated rs-fMRI scan resulted in 42 ICs; the third IC represented the DMN and accounted for 2.87% of explained variance. Figure 6 illustrates the extent of the NBR in the 2-back tb-fMRI scan in blue (z < -4 with cluster-wise multiple comparisons correction), as well as the extent of the DMN functional connectivity extracted from the same scans in red (z > 4 with cluster-wise multiple comparisons correction). Figure 6 also illustrates the extent of the DMN functional connectivity obtained from rs-fMRI scans in red. Different overlaps of these three networks have been color-coded from orange to yellow to represent the amount of similarity among them. The slice-based version of Fig. 6 is also given in Fig. S7 , where the overlap of the three masks (two functional connectivity and one NBR) is noteworthy in small bilateral hippocampal regions (pointed out by two green arrows). The extent of the NBR for the 2-back task reached far beyond the typical DMN regions. For instance, the significant NBR in the superior temporal gyrus, central sulcus, inferior frontal gyrus and posterior portion of the insula are generally not considered to be part of the DMN 4 . Since our focus is only on NBR in the DMN regions, and for consistency with the analyses of Dataset I, we excluded these non-DMN regions from this analysis. Table 5 quantifies the pairwise spatial similarities among task-evoked NBR, task-based functional connectivity, and resting-state functional connectivity networks using the DSC, which indicated a significantly high spatial similarity between the functional connectivity networks extracted from tb-fMRI and rs-fMRI (DSC = 0.7, p < 10 −10 ). Table 5 also shows a significant spatial similarity between the NBR and the functional connectivity network extracted from the same scan (DSC = 0.42, p < 10 −8 ), and between the NBR and functional connectivity obtained from the rs-fMRI scan (DSC = 0.48, p < 10 −8 ). Together, Fig. 6 and Table 5 provide evidence for the existence of anatomically overlapping neurophysiological processes in the DMN that are both active during a working memory task performance. Table 3 . The DMN inter-regional coherence measured by correlation coefficient extracted from visual-attending (left) and resting-state (middle) scans along with their differences (right). www.nature.com/scientificreports www.nature.com/scientificreports/ Next, we investigated the effect of task performance on the neurophysiological process that gives rise to functional connectivity in the DMN. We examined this by comparing the expression of functional connectivity during the working memory task with the expression of the functional connectivity in the resting brain. Figure 7 shows the distribution of the strength of the functional connectivity extracted from the two scans using violin plots. As seen in Fig. 7 , there is no significant difference in the subject-wise strength of DMN functional connectivity during rest and during task performance (t = 0.5, p > 0.6), replicating our finding from Dataset I. Together, the findings provide further evidence that the DMN functional connectivity represents a distinct and ongoing neurophysiological process whose coherence and magnitude are not altered by task-performance.
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Finally, we assessed which of the spatially overlapping and simultaneously active neurophysiological processes are more closely related to the execution of the 2-back working memory task. We examined this by investigating the relationship between task performance (response time) and the two fMRI measurements from the DMN. Similar to Dataset 1, we associated the median response time during the 2-back memory task with the magnitude of the NBR as well as the expression of functional connectivity in the DMN regions obtained from the tb-fMRI scan. Figure 8 depicts the magnitude of the NBR (8a) as well as the strength of functional connectivity (8b) as a function of the subjects' median response time during the 2-back task. As shown in Fig. 8a , the magnitude of the NBR in DMN regions was significantly correlated with response time in the 2-back memory task, such that for every 8.3% increase in the magnitude of the NBR (more deactivation) participants responded 100 ms faster (β = 83.16, p < 0.0002). Such a relationship did not exist for functional connectivity within the same regions (β = 5.73, p > 0.14). These results replicate findings from Dataset I and support the hypothesis that NBR and functional connectivity reflect dissociable neurophysiological processes that may have different roles in the functional architecture of macro-scale networks of the human brain. Furthermore, they provide preliminary evidence that the NBR is a representative of neurophysiological processes that are more directly relevant to task performance, and that the spatially overlapping ongoing functional connectivity perhaps has an auxiliary role that may provide infrastructure for task-involved neurophysiological processes, again suggesting hierarchical functional organization in this brain network. 0.018, p > 0.01) tb-fMRI scans, providing evidence for differential level of involvement of the two fMRI measurements in task execution. Each dot represents a single subject and the line presents the linear fit to the data.
Discussion
We first showed that the regions of the DMN have significant task-evoked NBR, and at the same time are functionally connected during tb-fMRI as well as rs-fMRI scans. A high degree of spatial overlap between these two fMRI measurements was notable even in the small hippocampal regions (see Fig. S7 ). Despite such significant spatial overlap, we also demonstrated a disassociation between the task-evoked NBR and functional connectivity, both extracted from the same DMN regions. Presentation of an unattended sensory stimulus did not induce NBR in DMN regions, whereas the identical stimulus, when it was the focus of attention, did induce strong NBR in the DMN. In contrast, whether the participants were attending/ignoring the stimulus or they were at rest had no significant effect on the functional connectivity of the DMN regions. While there are reports relating the magnitude of NBR in the DMN to task difficulty 30, 57 , to the best of our knowledge, the absence of NBR in the DMN in response to unattended stimuli, which provides evidence for attention specificity of the NBR in DMN regions, Figure 6 . Spatial overlap between the DMN's functional connectivity and NBR during 2-back task. Voxel-wise significant z statistics are mapped onto a semi-inflated cortical surface for a better visualization (slice-based mapping can be found in Fig. S7 ). Blue denotes the spatial extent of the regions with significant (z < −4 after multiple comparisons correction) NBR during 2-back working memory task. Red depicts the spatial extent of the regions with significant functional connectivity (z > 4 after multiple comparisons correction) extracted from the same 2-back tb-fMRI scan. Light red indicates the spatial extent of the regions with significant functional connectivity (z > 4 after multiple comparisons correction) extracted from the rs-fMRI scan. Orange highlights the overlap of the two functional connectivity networks. Yellow highlights the overlap of the two functional connectivity networks and the NBR during the 2-back working memory task. Table 5 . Quantification of the pairwise spatial overlap of the regions with significant NBR and functional connectivity in the DMN during 2-back working memory task using Dice similarity coefficient. These regions are depicted in Fig. 6 .
has not been previously reported. The results suggest that attention to or engagement with the task should be considered a prerequisite in studies investigating task-evoked NBR in the DMN. This is particularly important for animal fMRI studies investigating the NBR, which are usually carried out under anesthesia 58 . It also highlights the importance of including the NBR in fMRI studies investigating brain-behavior relationships, rather than masking or discarding deactivations, as is often done in the literature.
To demonstrate the disassociation between functional connectivity and NBR in the DMN, we showed that the expression and extent of functional connectivity in the DMN at rest is statistically equivalent to functional connectivity in the DMN during task performance, either when attending to a visual/auditory stimulus or when Figure 7 . Consistency in the strength of the DMN functional connectivity during 2-back working memory task and rest. The distribution of the subject-wise strength of the functional connectivity in the DMN regions extracted from the 2-back working memory task (in blue), and from the rs-fMRI scan (in red) are illustrated with different violin plots. Pair-wise student t-test reveals no significant difference between the two distributions (t = 0.5, p > 0.6), highlighting that in comparison to rest, functional connectivity expression remains intact during working memory task. Figure 8 . Unlike the DMN's functional connectivity, its negative BOLD response correlates with performance during a 2-back working memory task. Subject-wise median response time correlates with the subject-wise magnitude of the NBR in the DMN regions during a 2-back working memory task (β = 83.16, p < 0.0002). However, it does not correlate with the subject-wise expression of functional connectivity in DMN regions during the same tb-fMRI scan (β = 5.73, p > 0.14), providing evidence for differential level of involvement of the two fMRI measurements in task execution. Each dot represents a single subject and the line presents the linear fit to the data. performing the N-back working memory task. Despite a significant number of studies investigating the effect of task performance on functional connectivity networks, the effect of a task on functional connectivity is not completely understood in the field 43, [59] [60] [61] . We recently reported that, unlike the positive BOLD response, task-evoked NBR has no effect on the functional connectivity of the DMN 44 . Here, we have complemented our previous finding by showing that switching attention from one sensory modality to another modulated the NBR in the DMN regions, while it did not have any significant effect on functional connectivity of the same regions, providing evidence for disassociation between these two fMRI measurements. To our knowledge, this disassociation has not been reported previously. Together, these results suggest that there are distinct but overlapping neurophysiological processes in the DMN. Thus, these processes may have different roles in the functionality of the DMN, and should be differentiated in studies investigating normal operation or malfunctioning of the DMN in healthy and diseased populations.
Finally, we have provided evidence that the neurophysiological processes that give rise to functional connectivity in the DMN are less relevant to task performance than the ones triggering task-evoked NBR in the same regions. We have done this by showing that the magnitude of the NBR in the DMN regions was significantly correlated with performance while the expression of functional connectivity within the DMN was not. This differential relationship with task performance not only provides further evidence that functional connectivity and task-evoked NBR reflect neurophysiological processes that have different responsibilities in the functional organization of the DMN, but also highlights the possibility that the DMN may have a multi-level or hierarchical functional architecture, such that task-related processes are dependent on the functional connectivity network (as a lower level process) to execute their duties, and the lower level neurophysiological processes would not be directly involved in task performance. However, to assess this hypothesis, further experiments are required to demonstrate that any disruption in the functional connectivity network would be propagated to the higher level processes, and would in turn cause alteration in the task-evoked NBR. DMn functional connectivity and task performance. While there are a few studies that relate task performance inside the fMRI scanner to the NBR in DMN regions 30, 57, 62 , studies relating functional connectivity to task performance inside the scanner are rare. One such study by Hampson and colleagues, using a 3-back working memory task, reported a relationship between DMN functional connectivity and task performance 63 . We were not able to replicate this result in the Connectome dataset with a 2-back memory task. However, Hampson et al. computed functional connectivity from tb-fMRI data using correlation analysis without regressing out task-related variability, which might have created a confound with NBR in the same regions, especially given the rather high cut-off frequency (0.2 Hz) for their low-pass filter. Another possibility that might explain the discrepancy is the difference in the performance measures. We were unable to use accuracy as our performance measure due to ceiling effects (more that 50% of the participants had accuracy above 95%) and instead used response time, whereas Hampson et al. were able to use accuracy since the 3-back task is more challenging. Therefore, it is also possible that our sensory-motor and 2-back working memory tasks are not challenging enough to cause any alterations in the functional connectivity network, thus a relationship between connectivity and task performance could not be detected. While further examination seems to be warranted for assessing this possibility, we need to emphasize that even the less challenging tasks did modulate the NBR in the DMN regions, which again highlights the difference between these two fMRI measurements arising from the same regions.
DMn functional connectivity and cognition. Several studies have reported a significant relationship between the coherence of DMN functional connectivity and neuropsychological test scores administered outside the fMRI scanner [64] [65] [66] . These findings may initially seem in conflict with our proposal that functional connectivity networks are not directly involved in task performance. However, our results do not exclude a potential indirect influence of functional connectivity on task performance, particularly in regards to demanding cognitive operations. One can view functional connectivity networks as the infrastructure for the task-related networks; obviously, significant disruption in the integrity of such infrastructure will affect the function of any network that relies on such infrastructure.
Our results may also seem at odds with studies reporting disruptions in DMN functional connectivity in clinical populations, including Alzheimer's disease 67, 68 , Parkinson's disease 69, 70 , schizophrenia 71, 72 , autism 73 , depression 74, 75 , attention deficit and hyperactivity disorder 76, 77 , and multiple sclerosis 78 . These studies provide unequivocal evidence that disruption of DMN functional connectivity is associated with disease status or level of cognition. This is also not contrary to our findings-in fact, based on our hypothesis, disruption in the functional connectivity network should cause alteration in the task-related neurophysiological processes that are directly involved in task performance, thus deterioration of cognitive ability would be warranted. However, the disassociation introduced in this work suggests that clinical populations that do not present any disruption in DMN functional connectivity may show alteration in NBR from the same regions. This raises the possibility of introducing new brain bio-markers in clinical populations.
Methods of network extraction. Because we used two different methods to extract functional connectivity and task-based co-deactivation networks, it is reasonable to ask whether the observed disassociation can be explained by the difference in the methods used in this work. The reason we used ICA to extract functional connectivity networks is because it is challenging to extract functional connectivity networks from tb-fMRI data using the conventional correlation-based techniques. To be able to use conventional techniques, studies often discard the task period or sometime rest period from the tb-fMRI scans 79 , or remove the task-related variability by regressing out the linearly predicted BOLD response from the tb-fMRI data 59, 60, 80 . While none of these methods are optimal in removing the task-related variability from tb-fMRI data, ICA by definition is a blind source deconvolution technique that is considered an optimal method for separating signals from different sources 53, 81 . In addition, ICA decomposition generates the voxel-wise weighting factors to compute the time-course of the fluctuations in each IC, which can subsequently be used in a dual-regression technique as predictors in a simple GLM analysis to compute not only the coherence but also the magnitude of the relationship with the IC time-course in each voxel. The point estimates obtained from the dual-regression methods are, therefore, directly comparable with the point estimates of the NBR, whereas seed-based correlations would be missing magnitude information. Nonetheless, we have computed the seed-based correlations between the three main regions of the DMN and demonstrated that while the inter-regional correlation coefficient remained unchanged across all three scans, the correlation of the signal in each region with the task was significantly altered depending on the task being attended or ignored, essentially replicating our findings using the ICA technique. Furthermore, we did regress out the task-related variability from the tb-fMRI data in our recently published study with the same sensory-motor task and showed that the functional connectivity of the DMN remains intact during task performance 44 . Therefore, it is unlikely that our findings are due to the utilization of different methods for extracting NBR and functional connectivity from DMN regions. Figure 3 qualitatively shows that the magnitude of the positive BOLD response in the primary sensory cortices is higher for attended stimuli. This effect is more prominent in the primary auditory cortex, but is also present in the visual cortex. One might speculate that the increase in positive BOLD response for attended stimuli is the cause of the higher level of NBR in DMN regions. In other words, to have higher activation in visual/auditory cortices, the brain might be biomechanically required to further suppress activity within the DMN. To rule out this possibility, we tested the relationship between positive and negative BOLD responses for all visual/auditory stimulations while attending/unattending to the stimuli and found no significant relationship between the magnitude of the positive and negative BOLD responses. The results of this examination are summarized in Supplementary Fig. S8. combining stimuli with different modalities into a single scan. Ideally, four fMRI scans were required to examine the four conditions in our fMRI experiment (visual/audio, and attended/unattended). However, we have combine attended visual stimulation with unattended audio stimulation into one scan and the inverse combination into another scan in our event-related fMRI experimental design. This design not only reduced the cost of scanning to half, but it also helped the participant to easily ignore the unattended stimulus. As a result, we were not able to explicitly test a possibility that whether the influence of an attended stimulation could be attenuated by the effect of an unattended stimulation with different modality. While further examination is required to completely role out this possibility, we argue that the likelihood of such possibility is extremely low. First, the epochs of the two combine stimulations in each scan are not temporally synchronized and they occur randomly throughout the scan. One might expect that if an effect of one condition is going to be cancelled out by another, they, at least, required to be happening at the same time. Second, we have found no evidence, in our experiments or others, that unattended sensory stimuli to cause PBR (an opposite effect) in the DMN regions, see Fig. S2 . Finally, we have reported in our recently published work that removing task-related variability (attended and/or unattended) from fMRI data have no significant effect on the temporal and spatial patterns of the DMN functional connectivity hinting that the effect of any sensory stimulation on the DMN functional connectivity is negligible independent on whether it was an attended or an unattended stimulation.
Effect of attention on PBR.
Mismatch in sample size. Only half of the subjects in Dataset I had been scanned with rs-fMRI. This is mainly because we decided to add a secondary aim, comparison with the resting-state DMN, to the study in the middle of our data acquisition, causing a mismatch in the sample sizes for some of our analyses. However, we should emphasize that the assessment and statistical inference performed for our main hypothesis (alteration of NBR despite intact functional connectivity in DMN) had matching sample sizes, and thus only for the secondary part of our hypothesis (the similarity between task-based and resting-state functional connectivity) were we required to perform our statistical analysis with mismatched sample sizes. To address this issue, we have replicated the same results using the Connectome dataset with rather large (100 subjects) and matching sample sizes, suggesting that our original findings were likely a true effect and not an artifact of mismatched sample sizes.
Spontaneous versus task-evoked brain activity. While there is weak consensus in the field that there are different types of neuronal activity in the brain, spontaneous and task-evoked, the relationship between these different types of activity are yet to be fully discovered. Some studies have hypothesized that neuronal activities are independent of each other 18 whereas others suggested more complex [19] [20] [21] [22] , non-linear 23, 24 , and even causal relationship [25] [26] [27] between them. More striking is the recent fMRI findings that demonstrate significant spatial overlap between the network of functional connectivity and task-evoked BOLD responses 40, 43 . However, the temporal and spatial association or disassociation between these two types of fMRI measurements are not completely understood. In the present study, our focus was only on the DMN, and we demonstrated that despite observing a strong spatial association between task-evoked NBR and functional connectivity in the DMN, there is a robust temporal disassociation between them. Our results suggest that at least for the DMN, the functional connectivity and NBR are representative of two distinct neurophysiological processes, despite being characterized by significant spatial overlap. The method used here is not applicable for other functional connectivity networks since only the DMN is strongly associated with the NBR. Further experiments and technical developments are warranted to show the same temporal disassociation between functional connectivity and task-evoked BOLD response in the remaining macro-scale networks of the human brain.
conclusion
The evidence presented in this study clearly establishes a disassociation between the DMN functional connectivity and an overlapping network of regions showing task-related deactivation. The results imply that functional connectivity and NBR are reflective of two separate but overlapping neurophysiological processes taking place in the DMN. We also found that participants' task performance was associated with the magnitude of the NBR in the DMN regions, but not with expression of the DMN functional connectivity. We speculate that these dissociable processes comprise a nested or hierarchical system in which the NBR is indicative of a higher level neurophysiological process than the one measured by functional connectivity. We conclude that NBR and functional connectivity in the DMN regions play different roles in the functional architecture of the DMN, and should thus be distinguished in studies investigating brain-behavior relationships in healthy and clinical populations.
